The polarization of views on how best to exploit new information from the Human Genome Project for medicine reflects our ignorance of the genetic architecture underlying common diseases: are susceptibility alleles common or rare, neutral or deleterious, few or many? Single-nucleotide polymorphism (SNP) technology is almost in place to dissect such diseases and to create a personalized medicine, but success is critically dependent on the biology and "Nature to be commanded must be obeyed" (Francis Bacon, 1620, Novum Organum).
The genome as text
Shakespeare is thought to have had a working vocabulary of some 35,000 words, about twice that of an educated person today. A play is therefore an apposite metaphor for the genome, in which the principal interest lies not in the words or letters but in the way it is performed and brought to life on the biological stage. The sequencing of the human genome provides a sense that human biology has reached a new beginning in which the genomic text can be read but it is far from clear how it is played out. Despite this, new horizons are being proclaimed, in which complex diseases are explained, new drugs delivered and new models created. But science and theology are never far apart and nowhere more so than in unravelling the genetics of complex disease -the Croesus code that will bring wealth to some and health to others. The theological differences lie in how to apply new information from the Human Genome Project and whether or not it is an illusion that whole genome association studies using dense maps of single nucleotide polymorphisms (SNPs) in large patient populations will lead to new insights into common disease and to a safe, personalized medicine.
The case in favor
The key issues concern the genetic architecture of common diseases. On the one hand, Eric Lander (speaking at the Human Genome Organizations annual meeting, HGM2001, in Edinburgh, UK), along with David Reich and colleagues from MIT, has argued that the allelic diversity underlying disease is predictable and that it favors SNP mapping of large patient populations [1] . .our main factors account for this predictability. .irst, in human founder populations some 100,000 years ago, the effect of an allelic variant on reproductive fitness to a large extent determined its equilibrium frequency. An allele with a deleterious phenotype would reduce fitness and achieve a low equilibrium frequency, determined by a mutation-drift-selection balance [2] . An allele with little or no effect on fitness, as perhaps expected for genes influencing late-onset disorders such as type 2 diabetes mellitus or heart disease, could achieve a high equilibrium frequency. The second factor is the relatively rapid expansion of anatomically modern humans from a small founder pool of a few tens of thousands to the present 6 billion [3] . The third factor is the expectation that the predicted allelic diversity for neutral or selectively equivalent alleles in such a small founder pool is remarkably low, in fact close to one or a few alleles per locus -given by (1 + 4N e µ µ), where N e is the effective population size and µ µ the average mutation rate per locus per generation [4] . As the human population expanded, however, the allelic diversity increased enormously, at the rate of about 175 new mutations per genome per generation. In principle, it is possible for every base of the genome to be mutated in at least one person alive today. Most of this variation is destined to disappear rapidly, but many young alleles reached significant frequencies within human subpopulations, prior to recent urbanization [5] .
The fourth and key insight provided by Reich and Lander [1] is that if a disease-risk allele was common in the founder population, it takes a very long time before it is diluted out by the new alleles generated during population growth. Eventually, a new equilibrium will be reached, with a very high allelic diversity -in the tens of thousands of alleles per locus -but in some cases this may take over a million years. At present, this degree of diversity is only expected for alleles that were at low frequency in the founder population and so are more rapidly diluted out and equilibrated with younger alleles. Such a situation is already evident in the high allelic diversity of deleterious monogenic disorders. In short, if an allele was common in the distant past, it may well be common today and allelic diversity will be low. .or example, the APOE*E4 allele that is associated with susceptibility to Alzheimers disease was such a founder allele and remains common, with an allele frequency of 0.04-0.49, in all human populations today. On the other hand, if an allele was rare in the founder population, it will now be a substantially rarer member of a diverse allelic set. In the case of susceptibility alleles for common diseases, which Reich and Lander [1] assume to be more-or-less invisible to natural selection, these may have reached high allele frequencies in the past, in which case they will remain at high frequency today. The common disease/common variant hypothesis [6] is thus both predictable from population genetic theory and supported by empirical data (Table 1a ). .rom this perspective, it is a short step to whole-genome association mapping of such variants using dense SNP maps in large samples of patients and controls.
The case against
The common disease/common variant model is elegant, appealing and politically correct, but there are objections. The essential one is that it fundamentally misrepresents the nature of common disease. By definition, complex traits have what Kenneth Weiss and Joseph Terwilliger [7] call low detectance -a low probability of carrying any particular susceptibility genotype given that the individual has a particular disease or trait phenotype. This is because, unlike Mendelian disorders, common diseases clearly result from the interaction of many genetic and environmental influences, so that the correlation with any one factor is weak. There may be uncertainty about the extent of oligogenic versus polygenic influences on a trait, but few doubt that nongenetic factors play a major role in the common late-onset disorders of western societies, many of which have fluctuated in prevalence within the last 50-100 years (type 2 diabetes, obesity, auto-immune diseases, asthma, hypertension and coronary artery disease) [8] . Several of these disorders show a steep decline in heritability as age-of-onset rises, implicating generalized ageing processes that are not strongly influenced by genetic differences [8, 9] . These diseases are common because of highly prevalent non-genetic influences, not because of common disease alleles in the population. The majority of cases are not genetically determined to any meaningful extent. Such weakly disease-associated alleles as do exist can undoubtedly reach high frequencies if they are truly invisible to selection, but a key issue is the proportion of them that exert non-trivial influences on late-onset phenotypes. An inverse relationship between the magnitude of genetic effect and allele frequency was postulated many years ago [10, 11] , suggesting that few variants of clinical consequence will be common (.igure 1b). More recently, modeling of complex diseases by Jonathan Pritchard [12] predicts that neutral susceptibility alleles contribute little to the genetic variance underlying disease, since they tend to be either lost or close to fixation in the population. By contrast, alleles under weak selection may constitute the bulk of the genetic variance, especially at loci showing high mutation rates. This predicts extensive allelic heterogeneity underlying disease, although the collective frequency of these alleles may be quite high.
The empirical observation that late-onset Mendelian-inheritance disorders, in which causal genes should also have failed to influence reproductive fitness, show broad allelic diversity contradicts the common disease/common variant hypothesis (Table 1b ). An example is the diversity of rare disease-causing BRCA2 alleles (of which there are more than 400) compared with only one out of six common alleles that shows any effect on breast cancer risk (see Table 1 ; N372H relative risk 1.3) [13] . Similarly, premature coronary artery disease due to familial hypercholesterolaemia is caused by over 735 different alleles of the low-density lipoprotein (LDL) receptor, but there are no common LDL receptor variants with significant clinical effects. Conversely, some deleterious alleles, such as the ∆.508 C.TR allele associated with cystic fibrosis, are at high population frequency (approximately 1.5% of Caucasian chromosomes). This allele appears to be of relatively recent origin (estimated at 3,000 years ago), explaining why it is found largely in northern Europeans [14] .
These and similar observations ( Table 1 ) suggest, firstly, that genetic effects do not conveniently parcel themselves into early-onset versus late-onset, with corresponding effects that are either visible or invisible to selection: high allelic diversity is evident in many late-onset disorders, suggesting significant adverse selection and low allele frequencies in founder populations. It is commonplace for a gene to show both early and late patterns of expression, which may or may not overlap in time or space, some of which represent a trade-off between early advantageous and late deleterious effects (antagonistic pleiotropy), others early deleterious and later neutral or advantageous effects [15] . Variants with deleterious phenotypic consequences can also survive and reach high population frequencies if they confer a selective advantage at reduced dosage or during times of high mortality. Secondly, chance and population history are major determinants of extant patterns of variation.
Misconceived mapping
The common disease/common variant hypothesis is not just an interesting idea to be discussed in ivory towers. The real opposition to it stems from its wide acceptance as justification for SNP mapping of complex disease and pharmacogenomic traits in large population samples [16] [17] [18] . It is acknowledged that these methods will rarely work unless the theory is substantially correct. Association mapping requires enrichment for a common ancestral predisposing (or protective) allele within groups sharing a common disease or drugresponse trait [19] . Traditionally, trait mapping is achieved by the simple but powerful strategy of studying families with more than one member either exhibiting or correlated for the trait. The greater the familial correlation, the more likely that a large genetic effect is involved. This strategy, the mainstay of Mendelian mapping, increases the signal-tonoise ratio by reducing the proportion of those studied whose trait results from non-genetic factors. Other strategies for increasing the detectance of a disease locus include ascertaining by extreme age-of-onset (for example, earlyonset adult cancers or coronary artery disease); by studying those showing extreme values of a sub-clinical phenotype, which is genetically simpler than the disease itself (for example, plasma lipid profiles); by disease severity (for example, recurrent or bipolar depression); by studying a high prevalence ethnic group despite similar environmental exposure (for example, type 2 diabetes in Mexican Americans); by low environmental risk (for example obstructive lung disease in non-smokers, or coronary artery disease in rural Mediterraneans); by studying an isolated subpopulation (so that a small founder size minimizes the number of risk alleles entering the population); or by studying a clinical-aetiological subgroup (for example, HLA-matched type 1 diabetics) [20] . Generally, a combination of such strategies is required to minimize the background noise of non-genetic cases and to enrich for those with a common genetic susceptibility [7, 20] . Weiss and Terwilliger [7] argue that such methods of ascertainment are crucial, providing the major buffer against low detectance and loading the dice in favor of the investigator. The odds are heavily stacked against gene mapping in complex disease. If locus or allelic heterogeneity is high, association studies of single affected individuals, especially if they show late onset, or studies of parent-child trios, are all inherently flawed.
Pervasive diversity
There is formidable diversity within complex traits, not only in their environmental determinants but also in the genetic components of risk. The low success rate of complex trait mapping stems from a combination of poor study design and extreme locus and allelic heterogeneity [7, [20] [21] [22] . Locus heterogeneity -where more than one locus contributes to disease risk -is perhaps the biggest problem for complex traits and will undoubtedly make association mapping extremely difficult. No geneticist correctly predicted the extent of locus heterogeneity in simple Mendelian disorders (for example, see .igure 2). It is correspondingly both difficult and painful to consider that such heterogeneity may be orders of magnitude greater in more physiologically complex disorders such as coronary artery disease or asthma. We can easily conceive of a few tens of disease loci but not many hundreds, which interact in different combinations in different individuals to influence the trait (.igure 1a). Some researchers, like HGM2001 speaker John Todd (University of Cambridge, UK), openly admit that this scenario is too depressing to contemplate, so we tend to proceed as if our disease will be the exception. Scientific reductionists are trained to minimize complexity. Modern medicine may find it hard to accept that our current state of knowledge in hypertension, coronary artery disease or asthma is similar to that in 1900 for conditions such as mental handicap, anaemia, heart failure or blindness, for each of which hundreds of distinct causes are now routinely delineated. The common disease/common variant hypothesis is ringingly silent on the problem of locus heterogeneity. Similarly, if allelic heterogeneity is as extensive in common disorders as it evidently is in their Mendelian subgroups (Table 1) , most association studies will be paralyzed [20, 21] .
Mapping made easy
The common variant is certainly a player in some common disorders (Table 1) , but how many, and how significant are their effects for medicine or biology? There are an estimated 2-3 million common SNP variants [22] but it is often subtle combinations and permutations that influence disease, as proposed for predisposing and protective haplotypes in type 2 diabetes and in several autoimmune disorders ( Table 1) . It now seems that SNP haplotypes are, in general, less diverse than expected. David Cox (Perlegen, Inc. and Stanford University, USA) outlined at HGM2001 some of the first fruits of large-scale SNP haplotyping of human chromosomes, in which somatic cell hybrids are being used to separate chromosomal homologs so as to give unambiguous haplotypes. The results for chromosome 21 show that the potential haplotype diversity is not nearly as great as expected, facilitating the identification of common disease-associated haplotypes. .or example, only two or three of the 64 possible six-marker SNP haplotypes are detectable at many loci, so that the ancestral chromosome 21 genome can be summarized in some 3,000 haplotypes, each representing small (on average 12-15 kilobase) regions within which alleles are in strong linkage disequilibrium. These can be typed using wafers containing 96 chips, each with 400,000 arrayed oligonucleotides. Extrapolating from chromosome 21, some 300 wafers could provide coverage of the whole genome. Lander and colleagues [23] have recently suggested that the northern European genome can be summarized in some 30,000 ancestral haplotypes, with conserved regions of linkage disequilibrium that average 60 kilobases in length. The observation that sub-Saharan Africans show seven-to eight-fold smaller regions of linkage disequilibrium is consistent with a tight population bottleneck somewhere between 27,000 and 53,000 years ago that dramatically reduced European diversity relative to that of sub-Saharan Africans.
Resolution?
Where does this leave those who are in a position to capitalize, in every sense, on the new technologies? Regardless of ones theology, there are certainly awkward questions to be asked of the common disease/common variant hypothesis. Its success as a model will depend on the survival of common alleles that are today capable of significantly influencing health or drug response. These alleles may either have been more-or-less invisible to selection (and most of our ancestors died before the age of 30-40 years), weakly selected against [12] , or even positively selected, as is proposed for major histocompatibility complex (MHC) class II haplotypes associated with autoimmune disorders, which can be seen as the flip side of a strong immune response. Selectively neutral alleles are a random selection of variants arising throughout evolutionary history, the sum total of which reflects chance, past demographic events and mutation rates. It seems unlikely that large numbers of these random, functionless events will significantly influence common disease traits. Disease modeling also suggests that they contribute little to the genetic variance underlying common disease [12] . Previous selection is a more promising argument, since there is a case that several of the common variants underlying disease today have increased within the last 5,000 years as a result of selection (Table 1) . These variants may have exerted significant phenotypic effects in the past and so are more likely to do so again today under changed environmental circumstances. Against this is set what should perhaps be seen as the default multilocus/multiallele hypothesis. Historically, we have always underestimated the number of loci and alleles in the population that influence disease traits. Medical genetics has largely confined itself to the clinical extremes (.igure 1b), where the number of loci capable of exerting such large effects is smallthose regulating key, rate-limiting pathways, for example.
Even here, Mendelian diversity was grossly underestimated. What of those phenotypes nearer the centre of the distribution? How many genes will contribute to these traits?
Experimental organisms provide an unreliable measure of locus diversity since they generally contain only a fraction of the total locus variability found in their wild populations. Simple, selectively neutral traits, such as bristle number in Drosophila melanogaster, tend to be influenced by a large number of loci (estimated at 22-26), a few of which exert large (oligogenic) effects while the majority exert small (polygenic) effects [24] . The current debate relates less to the relative frequency of large versus small effects but more to the absolute numbers of variant loci and the diversity and frequency of their alleles. Compared with simple traits like bristle number, the greater physiological and genetic complexity of coronary artery disease or diabetes in a more diverse (at least for young alleles) and outbred human population would seem to be self-evident. Where does this leave progress towards a personalized medicine?
The prospects for identifying and predicting individualized pharmacogenetic responses would seem to be more favorable, 
Figure 2
Locus heterogeneity in Mendelian disorders. The diagram shows the diversity of disease loci in Mendelian forms of blindness. A rough relationship between tissue and physiological complexity and the number of identified disease loci can be discerned. Data are from the Online Mendelian Inheritance in Man [30] and RetNet [31] databases. RP, retinitis pigmentosa; Usher, Usher syndrome; BBS, Bardet-Biedl syndrome. since the response to a small molecule and its metabolites may be more predictable, either on the basis of expression profiles or a knowledge of structure-function relationships. SNP variability within target genes can be readily sought and the haplotypes used to screen even for low-frequency variants in non-responders or other subgroups. Whether this will lead to lower drug-development costs and significantly increased efficacy is less clear, since greater knowledge of disease mechanisms is also required. Peter Goodfellow (GlaxoSmithKline, UK) pointed out at HGM2001 the less than two-fold increase in new drug targets identified in the past 20 years. New therapeutic possibilities now reflect the more than 10-fold increase in drug targets arising from the Human Genome Project: from around 400 in 1995 to between 4,000 and 40,000 today.
The need to reduce adverse effects is no longer perceived as a local problem for the pharmaceutical industry, since in 1994 they were found to be the fourth major cause of death in USA [25] . In the pursuit of personalized medicine, Goodfellow cited the example of genetic unresponsiveness to HMG CoA reductase inhibitors, the statins, which have proven efficacy in heart disease and stroke. One person in seven with coronary artery disease will not respond to statins because of a readily identifiable cholesteryl ester transfer protein (CETP) genotype [26] . Discovering the interaction with CETP was the easy part, however: the hard part was finding an effective therapy in the first place. It is a salutary thought that the statins were largely developed on the back of studies that elucidated key steps and pathways in cholesterol metabolism in familial hypercholesterolaemia, an early-onset and familial form of premature coronary artery disease. Are the major insights therefore going to come not from whole-genome association studies but from affected sib-pair and family linkage studies, which are robust to allelic heterogeneity and can exploit association methods for fine mapping. This strategy had sufficient power to detect the role of the NOD2 locus (IBD1) in Crohns disease, despite multiple disease alleles, the most common of which has a prevalence of only 4% and a penetrance as low as 0.1-1.4% [27] [28] [29] .
The excitement is now tangible amongst researchers, and the race is on to identify new regulatory steps and disease pathways. The prizes may come fastest to those who apply the central dogma of human gene mapping -ascertain the study population so as to maximize detectance and familial correlation. The technology is impressive, but it is the underlying biology that will determine who succeeds or fails. 
